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Abstract:

Keywords:

Climate records based upon instrumental data such as rainfall measurements are usually
only available for approximately the last 150 years at most. To fully investigate decadal-scale
climate variation, however, these records must be extended by the use of climate proxies.
Soda-straw stalactites (straws) are a previously under-utilised potential source of such data.
In this contribution we investigate the structure and formation of straws and look at some
issues that may affect the reliability of straw-based palaeoclimate records. We use laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) trace element analysis
to document surface contamination features that have the potential to obscure annual trace
element variations, and develop a method to reveal the underlying layering. We also use LAICP-MS to map the two-dimensional trace element distribution in straws. These maps reveal
straw-layer geometry, in which layers are widest at the outside edge of the straw, narrowing
and becoming almost parallel on the interior of the straw.
Based upon these observations, we present a model for the formation of straws of this type,
where rapid degassing of CO2 from the drip extending below the straw forms the wider outer
layers. Summers are defined by increased layer widths and higher trace element contents
relative to winter layers. In palaeoclimate studies, where such annual variations can be used
to construct time-lines, we suggest that, ideally, the outside surface of the straw be analysed
where the trace element content difference is greatest and layering is widest.
The terminal phase of one straw (FC-02) shows decreasing layer widths and increased trace
element contents. These features may also be representative of soda-straw responses to
drought-induced decreases in percolation water.
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INTRODUCTION
Determining the possible future ramifications of
climate change requires a robust documentation of
climate variability at a range of scales. Longer-term
droughts, such as “The Big Dry” recently experienced
in southeastern Australia (Gergis et al., 2011), are
decadal phenomena and require longer-term climate
records to place their magnitude into the wider context
of natural climate variability. In Australia, detailed
instrumental climate records extend only ~100
years (up to 150 years in some areas) (Nicholls et al.,
2006), and beyond this, climate scientists typically
rely on climate proxies, such as those derived from
tree-ring measurements, to extend records further
back in time. There are a number of different climate
proxies available and each has its own advantages
*bpaul@unimelb.edu.au, jdwood@unimelb.edu.au

and disadvantages. For example, tree-ring records in
Australia are limited to species growing in only a few
specific ecological environments (Pearson & Searson,
2002). Additionally, some proxies are not necessarily
located near large population centres, which are key to
future water-use and infrastructure policy planning.
One well-established source of climate proxy
information is speleothem calcite. Speleothems
have the advantage of being widely distributed
geographically and thus allow us to reconstruct local
palaeoclimate conditions at many sites. In addition,
they appear to be sensitive to both temperature and
rainfall (Proctor et al., 2002; Johnson et al., 2006)
and are ideally suited to radiometric dating via U-Th
and U-Pb protocols. This has led to their widespread
applicability to address a variety of palaeoclimate
problems (Mariethoz et al., 2012). In general, however,
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stalagmites are not ideally suited to investigation of
annual to decadal phenomena since their growth
rate is typically too slow or their layering is relatively
indistinct. One type of speleothem that does offer this
potential is soda-straw stalactites, or simply “straws”
(Desmarchelier et al., 2006; Jo et al., 2010), which
are often much faster growing (up to 4 cm per year;
Jo et al., 2010).
Soda-straw stalactites are hollow, usually calcitic,
cylinders that precipitate from cave drip points (Fig. 2)
and are a common feature of many caves (e.g. Moore,
1962). Ground water moves down the centre of the
straw, and hangs as a drip where CO2 degasses,
before the drip falls to the cave floor whereupon it
may form a stalagmite or flowstone. CO2 degassing
at the straw tip can cause calcite precipitation in
situ, and thus the straw grows progressively towards
the cave floor. Straws often display annual laminae
(e.g. Fairchild et al., 2001) expressed both as visible
banding and as trace element layering (e.g. Polyak
& Provencio, 2009). If actively growing at the time
of collection, these annual layers allow researchers
to ‘count back the years’, thus avoiding issues and
uncertainties associated with radiometric dating of
such young samples or aligning to orbital or other
records. As a result, straws would appear have great
potential for the construction of long (hundreds to
thousands of years) high-resolution (annual to subannual) palaeoclimate records.
Previous studies (Desmarchelier et al., 2006; Jo et
al., 2010) have observed basic relationships between
the chemistry of straws and climate variation. However,
these studies are either short in duration (Jo et al.,
2010) or may have been affected by analytical artefacts

(Fig. 1), in which large geochemical variations cannot
be directly attributable to large climatic disturbances.
In this contribution, we further investigate the utility of
straws as palaeoclimate proxies by providing a model
for the formation of layered straws and describe the
(possibly widespread) problem of surface contamination.

SAMPLES STUDIED
As a first step towards assessing the utility of soda
straws in palaeoclimate studies we attempted to
determine the growth structure of a typical sample.
Sample FC-01 is a 195 mm long straw with an
external diameter of ~6 mm. Banding is visible at a
scale of ~0.5 mm. This sample, previously analysed
in Desmarchelier et al. (2006) (and referred to as “FCSS5”), was collected from a small chimney in the main
chamber of Frankcombes Cave, Tasmania. FC-01 was
active at the time it was collected in February 1996.
The straw was arranged in four sections and mounted
on a glass slide. Banding along the outer edge of the
straw presents relief of ~2 µm, which, as we discuss
below, is not responsible for the observed variations
in trace-element content.
A second straw, FC-02, was collected from the
upper gallery of Frankcombes Cave in March 2011,
which is connected to the well-ventilated main
chamber by a large passage. The entire straw length
was ~ 1 m, and measured 5 mm in diameter, but
only the bottom 70 mm of the straw was recovered.
This straw was not active at the time of collection. It
was mounted in a resin block, and a section was cut
through the bottom 30 mm to reveal a longitudinal
section through its walls.

Fig. 1. The trace element record for FC-01 reported in Desmarchelier et al. (2006). Note that the record is marked by large amplitude anomalies in each trace
element that cannot be reconciled with local climate records.
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ANALYTICAL SETUP

All samples were ablated using an ArF excimer
laser connected to an Agilent 7700 quadrupole mass
spectrometer (see Woodhead et al., 2007 for a detailed
description of the laser system). Typical instrumental
conditions are detailed in Table 1.
Initially, to investigate surface contamination
phenomena (discussed below), a 55-µm spot size was
used, firing at 10 Hz and scanning at 30 µm.s-1. The
same profile of around 18.7 mm was repeatedly ablated
to produce a pseudo-depth profile. Subsequently, a
2-D map of the elemental structure of the straw was
constructed using a 19-µm spot, firing at 10 Hz, with
a cell translation speed of 5 µm.s-1. The NIST SRM
612 reference material was used for calibration, and
a stoichiometric Ca concentration of 40.04 wt% was
used as an internal standard for the samples. All
data were reduced using Iolite software (Paton et al.,
2011), and compositional maps were created using
the CellSpace module (Paul et al., 2012).

SURFACE CONTAMINATION

Fig. 2. Examples of soda-straws.

Frankcombes Cave is located in south central
Tasmania (42.53°S, 146.45°E, ~360 m above sea
level; Desmarchelier et al., 2006). The cave is
formed in the Ordovician marine limestone that
comprises the floor of the Florentine Valley. The cave
is 900 m long, with an upper and lower chamber. The
lower chamber contains an active streamway. Both
straws in this study were collected from the upper
chamber, which we estimate to be ~10–15 m below
the surface.
Climate records for the area are available from the
Australian government Bureau of Meteorology. The
average winter and summer temperatures are 7°C
and 19°C, respectively, based on nearby climate
stations. The average annual rainfall is 1240 mm
(±380 2 s.d., n = 27) based on measurements at
Maydena (42.77°S, 146.60°E) between 1924 and
1954. The forest above the cave was logged in the
late 1970s but has since regrown. Goede (1981)
documented a strong seasonal effect on dripwater
hardness at two drip points at Frankcombes
Cave, with a lag of 1–2 months between increased
mean monthly temperature and increased calcium
content, which he attributed to increased soil pCO2
during summer months.
As straws are predominantly calcitic, there is little
change in average molecular weight through the
sample. Thus, techniques such as backscattered
electron imaging are unlikely to show any detailed
structure. Instead, we have undertaken traceelement transects and mapping using laser ablationinductively coupled plasma-mass spectrometry (LAICP-MS).

Repeated ablation tracks along the outside edge of
sample FC-01 produced a pseudo-depth profile. We
estimate that each transect drilled approximately
4 µm into the sample. Pb and U concentrations are
shown in Fig. 3; similar results were also obtained for
Sr and Ba (not shown). The outer-most material (that
ablated in the first few transects) is characterised by
large-amplitude trace-element anomalies. These are
very similar to those documented by Desmarchelier
et al. (2006) on the same sample. However, repeated
ablation along the same transect shows that these
features are quite superficial and that continued
ablation reveals more regular trace-element layering.
We suggest that the outer layers of the straw may be
contaminated, possibly (based on textural evidence)
by material of biological origin, for example bacteria
growing on the outside of the straw, although this
requires verification.
The very low Pb levels eventually obtained after
multiple passes (< 1 µg.g-1, see Fig. 3) demonstrate
that the outer contaminated layers are eventually
removed and, at this point, the remaining traceelement data can be considered free of such artefacts.
This experiment suggests that after about four passes
Table 1. Typical instrument operating conditions.
Agilent 7700x
Forward power

1300 W

Reflected power

2W

Sample depth

3 mm

Dwell time

0.01 s

Carrier gas

0.89 1 min-1
Helex laser ablation system

Lambda Physik Compex 110 ArF excimer

193 nm

Laser fluence

~ 5 J cm-2

Spot size

19 or 55 µm

Repetition rate

10 Hz

He gas to cell

500 ml min-1
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of the laser, the surface contamination is removed,
and the underlying trace-element content is revealed.
Importantly, we find that Sr (and Ba) and U are
negatively correlated at this point. If the trace-element
concentrations were influenced by the surface relief
related to the banding, all elements would be expected
to show positive correlations. This is a further validation
that the observed trace-element patterns represent real
natural variation and not analytical artefacts.

THE STRUCTURE OF LAYERED SODA-STRAWS

Fig. 3. A waterfall plot of Pb and U concentrations measured along
a laser profile on straw FC-01. Note that the U concentrations are
smoothed. These plots show that after several passes of the laser, the
large amplitude surface anomalies are no longer evident, and a more
regular layering predominates.

Laser-ablation mapping of a cross section through
straw FC-02 reveals the 2-D spatial variation of the
trace-element layering, best recognised in plots of Ba
and Sr content, but also present in Mg (Fig. 4). Also
evident are areas of significantly higher Ba and Sr
concentration along the outer edge and at the tip of
the straw (also marked in light grey in the schematic
on the far right of Fig. 4). We interpret these areas
as surface contamination as discussed above. This
contamination has relatively low Mg content, and
therefore we have used the Mg map to delineate
the original outline of the straw. Layers are steeply
dipping towards the interior of the straw. Each layer
is also thickest at the outer edge of the straw, and
layering is almost parallel towards the interior of the
straw. Also of note is the reduction in layer width,
and increase in Sr, Ba and Mg content, as the straw
proceeds towards termination.

Fig. 4. Ba, Sr and Mg compositional maps of a cross-section through the tip of FC-02. Colour scales are in µg.g-1. At bottom is a schematic diagram
showing the layers based on the Ba and Sr maps. These maps show that layers are steeply inclined towards the centre of the straw and that traceelement enrichment is greatest at the outside edges of the straw.
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There is also a relatively high Mg layer on the innermost edge of the straw. Given that this straw was
inactive at the time of collection, we suggest that this
inner layer represents the final product of extensive
prior-calcite precipitation as the groundwater conduit
feeding this straw dried out.
Polyak & Provencio (2009) produced TEM images
of the calcite crystals in straws, which showed a
“feathery” texture. Their study also revealed inwardly
growing crystals towards the centre of the straw.
This is a feature that we have not observed in the
straws we have analysed, but variations in straw
morphology may be a result of variations in the
drip-water chemistry and recharge rate, and other
cave factors such as pCO2 and temperature. These
potentially combine to produce a large range in straw
sizes, growth rates and degrees of banding, with some
straws showing no obvious annual layering where
there is little annual variation in these variables.

A MODEL FOR LAYERED SODA-STRAWS
Based upon the structures defined in sample FC02 by laser-ablation mapping, we propose a genetic
model for straws of this type. Under this model, a
growth layer is produced annually, with each layer
being thickest on the outside of the straw because
the relatively higher rate of CO2 degassing occurs at
the base of the straw (i.e. where the drip contacts the
cave atmosphere) induces higher supersaturation
levels, culminating in higher growth rates (Fig. 5).
Layer thickness decreases towards the interior of the
straw most likely due to the slower removal of CO2 via
molecular diffusion towards the more rapidly degassing
zone near the tip. This implies that a supersaturation
gradient exists towards the straw tip, with the
fluid passing from a saturated state (no net calcite
deposition), through a saturation-supersaturation
boundary (where there is diffusion of CO2 towards the
tip) into the region of low supersaturation (relatively
slow rates of calcite precipitation) to a region of high
supersaturation at the straw tip (relatively rapid rates
of calcite precipitation). The position of the saturationsupersaturation threshold is likely to vary through
time according to changes in drip rate, solution
chemistry and straw extension rate. For example,
partial dissolution could occur in the interior if
percolation waters pass through the karst and into
the straw canal before saturation is reached, i.e. the
solution could still be undersaturated by the time it
reaches the entrance to the straw canal.
Based on sample FC-01, which displays broad
summer peaks in Sr and Ba, and narrow winter
troughs in the same elements, we suggest that during
summer higher soil pCO2, and therefore higher CaCO3
load (Goede, 1981), results in broad summer growth
bands and narrow winter troughs. Additionally, in
summer the amount of groundwater flow is less due
to decreased effective rainfall, thus more diffusion
occurs into a smaller volume of groundwater, and
each drop hangs from the straw for longer allowing
more CO2 degassing. Increased cave ventilation
during summer months due to a greater difference

Fig. 5. A model for layered soda-straws. As the drip hangs from the
tip, a combination of greater CO2 degassing and lower nucleation
energies occurs at the drip/straw-tip interface, producing wider layers
at the edge of the straw. See text for full details.

between the cave air temperature and the outside
air temperature could also lead to decreased
pCO2 within the cave, which would enhance CO2
degassing and calcite precipitation. Thus, we have
a combination of broad peaks with higher Sr and
Ba content during summer and vice versa during
winter. Although subtle, there is a slight increase
in trace element concentration towards the outside
of the straw. It is possible that this is due to kinetic
effects (e.g. Huang & Fairchild, 2001) owing to the
more rapid growth rate along the outer edge of the
straw. Ultimately, a detailed study involving rainfall,
temperature and cave atmosphere monitoring will
resolve some of these ambiguities.

CONCLUSIONS
Soda straws are very rapidly growing speleothems
that have the potential to furnish detailed (annual to
sub-annual) climate records covering long periods of
time. They are, at present, an underutilised resource,
however, with considerable uncertainty surrounding
both their mode of formation and structure. Here we
present a model for the formation of banded sodastraw stalactites based upon laser ablation elemental
mapping of their structure. Such models will form the
basis for interpreting future palaeoclimate records.
According to this model, to reveal the greatest
difference between summer and winter trace element
contents, analysis should be conducted along the
outer surface of straw. Here, surface contamination
can be a potential problem but the methods developed
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here to circumvent these effects opens up the
possibilities for future use of straws in palaeoclimate
studies focusing on recent (100–1000 year) climate.
The terminal features of FC-02 may provide an
example of the expected outcomes of straw growth
during drought periods, viz., reduced layer widths
and increased trace element contents.
One issue not addressed here is whether the features
recorded by straws are due to climate factors or simply
due to the unique hydrology of each drip. We suggest
that multiple straws be sampled from each cave to
remove the effects of individual drip characteristics
and to thus build up a more definitive picture of past
climate information.
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